[1] Observations by instruments onboard the Cassini spacecraft of Saturn's icy satellite Enceladus have shown that a plume containing water vapor and ice grains is present in the southern hemisphere. Energy distributions of electrons in this plume were measured by the electron sensor part of the Cassini plasma spectrometer (CAPS -ELS). A significant suprathermal electron population was detected. The nature of the electron population is important for understanding the composition and chemistry of the plume plasma because the electron-ion recombination rate depends on the energy distribution and because ionizing collisions by energetic electrons creates new plasma. We present the results of a two-stream electron transport model for plume electrons that includes neutral densities that agree with Cassini Ion and Neutral Mass Spectrometer (INMS) data. Electron production within the plume due to photoionization by solar radiation and by electron impact ionization was included, as were energy losses due to electron-neutral collisions. Model cases were considered that both included and did not include electron inputs from outside the plume. Comparisons are made of model fluxes with measured fluxes by CAPS -ELS on October 9, 2008. The model-data comparisons indicate that photoelectrons (10 eV-70 eV energies) locally produced within the plume can explain the data. The possible role of electron-grain collisions was also explored and it was determined that nanograin densities in excess of 10 6 cm À3 would be needed to affect the electron distribution.
Introduction
[2] The Cassini mission confirmed the existence of active cryo-volcanism at Enceladus (orbital period $4 R S , where 1 R S = 60,268 km) providing evidence of a water vapor and ice grain plume in the south polar region [Porco et al., 2006; Spencer et al., 2006] . This plume was determined to be the source of gas and grains released into the region around the orbit of Enceladus. In the south polar region a set of linear depressions known as the "tiger stripes" has been observed. The Composite Infrared Spectrometer (CIRS) [Spencer et al., 2006] on-board Cassini showed that the south polar region and the tiger stripes had warmer temperatures than one would expect by just considering solar heating. The increased temperature creates fractures along the tiger stripes, which produce several small jets that form the plume and appear to be time and space variable.
[3] As measured by the Cassini Ion and Neutral Mass Spectrometer (INMS) [Waite et al., 2006 ] the plume extends out beyond 4,000 km from the surface, eventually blending in with the Enceladus torus. The plume gas is composed mainly of H 2 O (90%), CO 2 (5%) and other minor neutrals (mainly organics, some argon, methane, and ammonia). The outgoing neutral gas from the plume interacts with Saturn's magnetosphere, producing observable effects. Cassini observed changes in absorption signatures of energetic electrons, large perturbations in the magnetic field Jones et al., 2006] and changes in ion composition [Cravens et al., 2009; Tokar et al., 2008] .
[4] As the plume neutrals interact with the magnetospheric plasma, new ions are produced through electron impact collisions and photoionization by solar radiation. These processes in turn produce secondary electrons that will continue to interact with the neutrals, ionizing and exciting them. Recently, models have been developed that deal with the ion dynamics at the plume and the mass loading in the corotating plasma environment [see, e.g., Cravens et al., 2009; Fleshman et al., 2010; Kriegel et al., 2009] . However, very little has been done to model electron processes in the plume and the effects that they might have in the plume dynamics.
[5] The present paper contributes to the understanding of the electron energy distributions by modeling the electron fluxes in the plume using different possible magnetospheric electron populations as external boundary conditions, as well as photoionization by solar radiation of the plume neutrals. We present exploratory results, based on different boundary conditions in the magnetosphere, as well as differences in the flux based on the field line configuration. Opacity effects of the plume are also taken into account, since solar radiation plays an important role in determining the electron fluxes observed.
Description of the Model
[6] We use a two-stream approach to model the coupled outgoing (upward) and incoming (downward) electron fluxes. The two-stream transport model was originally developed for photoelectron fluxes at Earth by Nagy and Banks [1970] and Banks and Nagy [1970] , by solving the Boltzmann function assuming steady state and neglecting any external electric fields or the divergence of the magnetic field. The solution is known as the two-stream approach or two-stream equations, since the electron transport along the field line is approximated in two directions or streams: upward and downward. The two-stream equations are given by Schunk and Nagy [2000] as:
for the upward flux, and:
for the downward flux. Here, n k is the neutral density for a given species k, s s t is the total cross section and s s e is the elastic scattering cross section. In the previous equations the last term is given by the suprathermal electron production:
where P e is the electron production rate. After some manipulation, the two-stream equations solved by our numerical code are:
[7] Here, s a k is the total inelastic cross section for a neutral species k, and p s k and s s k are the electron backscatter probability and cross section, respectively. Therefore, the first term of the equation accounts for the loss of electrons from the flux in a given direction due to absorption or backscatter. In the second term, p e k and s e k are the elastic probability and cross section. The third term accounts for the photoelectron production rate due to direct photoionization, and the last term gives the electron production rate due to cascading from higher energies due to inelastic collisions. The cascading terms involve bookkeeping the electrons as they move from one energy bin to another bin. This may happen for the flux in one direction (either up-or downward) or it may also occur between the fluxes (an electron may cascade from the upward flux to the downward flux via backscatter collision). The molecular cross sections needed for all the processes required to solve the two-stream equations (H 2 O, CO 2 and CH 4 electron impact and photoionization cross sections) are adopted from models of cometary suprathermal and thermal electrons from Gan and Cravens [1990] . Note that the main plume neutral species (mostly H 2 O) are similar in relative abundances to the composition of neutral gases observed at comets. These same models have been implemented by our group for similar electron calculations for Titan [Gan et al., 1992 [Gan et al., , 1993 Cravens et al., 2008; Robertson et al., 2009] .
Neutral Density in the Plume
[8] The neutral density for a given species n n at a distance r from the center of Enceladus and at an angle Q from the central axis of the plume has been modeled by Saur et al. [2008] as:
[9] Here R E = 252 km is the Enceladus radius, n 0 = 2.5 Â 10 9 cm À3 is the total neutral density at the surface (nominal density) [Fleshman et al., 2010] , and H d = 3,792 km is the scale height defined as four times the Hill radius (948 km). For simplicity, in our model Q was chosen to be zero and H Q = 12 is used for opacity purposes. A recent paper by Dong et al. [2011] provides an alternative neutral density expression. Note that near a radial distance from Enceladus of about 800 km for E3 conditions along the plume axis, the neutral density of both models (the one we use [Saur et al., 2008] and the newer model [Dong et al., 2011] ) are close to 1-2 Â 10 8 cm À3 . Therefore, we don't expect our findings would differ much if the newer model were used. Based on INMS measurements we have chosen for our plume model three neutral species that make up the nominal density derived: 90% H 2 O, 5% CO 2 , and 5% CH 4 to represent the trace organics present in the plume.
Computation of Suprathermal Electron Transport
[10] In the first part of the model, a photon energy deposition code uses solar EUV fluxes obtained from the SOLAR 2000 empirical model [Tobiska et al., 2000] for solar minimum conditions with 320 wavelength bins. This code generates suprathermal electron (i.e., photoelectron) production rates as a function of altitude and energy. Photoabsorption and photoionization cross sections for the neutral species in the plume are required (see Gan and Cravens [1990] and Gan et al. [1992] for cross section information and other details on the application of suprathermal electron transport in a water-based atmosphere or ionosphere).
[11] As photoelectrons and secondary electrons are created by this first code, they are sorted into energy bins with widths ranging from 0.5 eV for the low energies (starting at 0.25 eV) and increasing to 200 eV widths for the highest energies (reaching 5 keV). The photoelectrons produced are used as input for the two-stream code, which numerically solves for the upward and downward electron fluxes using the equations developed by Nagy and Banks [1970] . See Schunk and Nagy [2000] for a review of the standard energy equation and electron transport in an ionosphere and the beginning of this section for the equations solved by our numerical code. The total flux calculated at each energy bin includes the primary production from photoionization, the production of electrons by inelastic collisions with neutrals, and the production of electrons by energy degradation by inelastic collisions from higher energy electrons. For simplicity the adopted magnetic field configuration was chosen as a radial field line in the plume along its central axis that reaches the Enceladus surface. The flux is calculated at radial distances from the surface increasing by increments of 15 km out to 3000 km. Two extreme cases can be modeled with this field line. In the first case we allow the electron flux to reflect at the surface of Enceladus, without any absorption. This means that at the surface boundary, the upward flux is set equal to the downward flux. In the second case all the electron flux that reaches the surface is absorbed, i.e., the outward flux is set to zero at the boundary. Comparison between these two configurations allows an estimate of the effect that the magnetic field draping around the plume might have on the electron fluxes.
Boundary Conditions
[12] An important piece of the model is the boundary condition electron flux that is input far from the moon, at the "beginning" of the field line and is used as a starting point in the two-stream code to solve for the upward and downward electron fluxes along the field line. We have implemented two different boundary conditions to compare the results:
[13] 1. The first boundary condition (Model 1) assumes that there is no external magnetospheric electron flux into the plume -i.e., the external electron input is zero.
[14] 2. The second boundary condition (Model 2), which we call the "Extended Torus Model," adopts a flux of external magnetospheric electrons as the boundary condition input.
[15] The magnetospheric electrons for Model 2 are those populations in the vicinity of Enceladus' orbit (and the E-ring), located in the inner magnetosphere of Saturn at about 4 R S . At the outer boundary of 3000 km the neutral density model gives a density of about 6.8 Â 10 6 cm À3 . This is more than 100 times lower than at the surface of Enceladus, yet still much higher than in the torus far from the surface. The flux for these magnetospheric electrons was taken from a model by Cravens et al. [2011] that agrees well with Enceladus' torus electron measurements made by the Cassini Plasma Spectrometer (CAPS) electron spectrometer (ELS) [Schippers et al., 2009] . Both Cravens et al. [2011] and Schippers et al. [2009] concluded that photoelectrons are the dominant suprathermal electron population in the torus. In our work we have adopted as the external magnetospheric flux input the preferred case modeled by Cravens et al. [2011] to best fit the CAPS -ELS data (Case A for the extended torus in the Cravens et al. [2011] paper). In their paper, Cravens et al. [2011] choose a neutral density of n n = 2000 cm À3 composed mainly of water molecules (91%) and a "core" thermal electron population with an electron density n e = 60 cm À3 with a thermal electron temperature of T e = 10,000 K (or about 1 eV) to obtain the suprathermal electron population that best agreed with the measurements. Their result is our input for the boundary condition that includes magnetospheric electrons (Model 2). Please see Figure 1 for the boundary condition input for this model.
Results

Effects of External Boundary Conditions for a Reflecting Surface
[16] We first analyze the differences in the calculated electron fluxes in the plume due to the input of magnetospheric electrons -in other words, the differences obtained in the fluxes by considering either no magnetospheric electrons (Model 1) or the extended torus electron flux (Model 2) as external boundary conditions. We consider a radial magnetic field line along the center of the plume that starts at a far distance from Enceladus (R = 3,000 km) and reaches the surface. We also assume the surface to be reflecting -that is, the downward and upward electron fluxes at the surface will be set to be equal.
Fluxes at the Beginning and End of the Field Line
[17] Figure 1 shows the downward electron flux used as the boundary condition in Model 2. Figure 2 shows the upward fluxes for both external boundary conditions at a far distance from Enceladus (R = 2992.5 km from the surface), where the plume is getting tenuous. These are the "escaping" electron fluxes. For energies higher than 20 eV there is not much difference between the boundary condition input. On the other hand, for energies below 20 eV, the flux obtained with Model 2 is considerably larger. This is attributed to the large thermal component in the magnetospheric flux that is input with Model 2, much of which is elastically backscattered in the model. Both models show the presence of two photoelectron peaks at energies near 25 and 35 eV. These peaks, which have been observed in all planetary ionospheres' photoelectron spectra, are due to photionization of the atmospheric neutrals by the solar HeII resonance line at 30.4 nm [Galand et al., 2009; Schunk and Nagy, 2000] . We do the same comparison for fluxes close to the surface (R = 7.5 km; at this altitude bin the upward and downward fluxes are equal to each other, because of the reflecting surface) and find that there is no difference in the fluxes obtained with both models (see Figure 3 ). Close to Enceladus the effects of the external boundary conditions are lost and the flux in this region is isotropic.
Differences in the Flux Along the Plume
[18] Next, we analyze the fluxes for each model at different distances from Enceladus. For Model 1 (no magnetospheric electrons input at the beginning of the field line), the upward fluxes at different altitudes are very similar for energies over 20 eV (see Figure 4) . For lower energies the flux decreases with increasing distance from the surface. However, the relative shape of the fluxes remains about the same. Figure 5 shows the upward fluxes for Model 2. For this model, the upward fluxes at different distances from the surface along the field line are also very similar, if not the same, except for energies below 20 eV. It is important to notice that as we get deeper into the plume, the effect/ intensity of the thermal population from the magnetospheric electrons decreases and its signature is lost, and both models give very similar fluxes. The downward fluxes calculated showed the same behavior as the upward fluxes for each of the models and therefore are not shown. [19] Figure 6 shows the electron flux as a function of radial distance in the plume from the surface of Enceladus to a distance of R = 3,000 km for Model 1 for electrons with energies of 100.25 eV, 50.25 eV, 25.25 eV and 10.25 eV. The black lines indicate the downward fluxes along the field line and the red lines indicate the upward fluxes. The electron fluxes continuously build up until a distance from the surface of about 1,000 km is reached. Closer to the plume, the flux remains almost constant. This behavior is the same for all four displayed energies. From this figure we can conclude that most of the photoelectron contribution or secondary electron production that we encounter occurs far from the plume's source. The upward flux remains almost constant for energies above 25 eV, suggesting that once the suprathermal population is established, it remains constant in the plume. On the other hand, the upward flux of lower energy electrons (see 10.25 eV in Figure 6 ) is only constant close to the Enceladus surface (up to 2 R E ) and decreasing by a factor of almost five as we go further away. This means that this population is lost and produced at similar rates close to the surface, where the plume is denser. However, as we go out to a more diffuse plume environment the production of the lower energy population appears to be rather ineffectivei.e., there is little production of low energy electrons at far distances in the plume.
[20] Similarly, Figure 7 shows the upward and downward electron fluxes along the field line for Model 2. For some of the energies the upward and downward fluxes along the field line are almost identical. That is, the electron distribution is almost isotropic for this case. In this figure we can see that higher energies have almost constant fluxes along the entire distance. Energies of about 25 eV have fluxes about two times smaller close to the surface. For lower energies the flux decreases by about a factor of 5 as it gets closer to the surface. The low energy flux is very high far from Enceladus because of the boundary condition used in Model 2, which has a large thermal component. However, we can see that as it gets further into the plume, the flux rapidly decreases and the signature from the boundary condition gets lost. It is important also to note that when we compare the fluxes from Model 2 (Figure 7 ) with those from Model 1 (Figure 6 ) for the same low energy at distances close to the surface (less than 1 R E ) there is no difference between the two. In other words, the fluxes near the surface seem to be local and have no apparent dependence on the boundary condition used. This behavior was also illustrated in Figure 5 .
Opacity Effects
[21] As shown in the previous section, photoelectrons are part of the suprathermal population calculated by the two stream code. Therefore, it is important to explore the opacity effects of the plume on the solar photons. To obtain the opacity of the plume a width of Q = 12 was considered when calculating the density using equation (1). This density was then used to calculate the optical depth of the plume at each altitude bin and the absorption of the solar flux by the plume neutrals. A local ionization frequency can be calculated at each altitude by taking the total ion production rate due to photoionization (primary ionization) and electron impact (secondary ionization) divided by the total neutral density. We calculate this frequency with and without opacity effects. At the surface the primary ionization frequency is about 8 Â 10 À9 s À1 and decreases by a factor of two when the solar opacity is included in the model. The results for the calculated secondary ionization frequency are shown in Figure 8 . Close to the Enceladus surface there is no difference in the ion production frequency between the models. Far from the surface, Model 1 has a very low ionization frequency, while Model 2 has a higher secondary ionization. This difference is due to the inflow of electrons in Model 2 at the torus, versus no inflow of electrons in Model 1. The downward electron flux from Model 2 contributes to a factor of 2 difference in the ionization frequency. However, once opacity was taken into account the secondary ionization frequency decreased by about 20% for both models from a value of about 1.5 Â 10 À9 ions per second to about 1.2 Â 10 À9 ions per second for distances close to the plume's origin. This photoionization frequency depends on the solar photons that ionize the plume neutrals, and therefore, where the plume is denser, opacity will have a larger effect. We find that opacity effects are negligible at large distances but have about a 20% effect near the surface. Nonetheless, the main source of ionization in the plume is the photoionization of the plume neutrals by solar photons, which is greater than the secondary ionization by a factor of 10.
Effects of Possible Surface Absorption of Electrons
[22] The magnetic field topology within the plume near the surface is not very well known at this time. In this work we would like to explore the sensitivity of the electron flux to the magnetic field configuration close to the surface by modeling two possible situations that the electron fluxes may encounter. One possibility is a reflecting surface. It consists of an electron flux that travels along a field line (starting far from the moon) and reaches the surface. There, the flux manages to return along the same field line or direction it came from. Our code handles this by setting the upward and downward fluxes equal at the surface. The second configuration consists of a field line that also starts out far in the magnetosphere but whose electron flux stops at the surface of Enceladus, where it is absorbed. This means that at the surface the upward flux is set to zero. As we move away from the surface, we can see how the upward flux builds back up. In both cases the field line is centered at the plume and the electrons that are created gyrate along it in an upward or downward direction as they interact with the plume neutrals, ions, and other electrons. In the previous sections we have analyzed the results given in the first case configuration -that is, an electron flux that is reflected at the surface of Enceladus. In this section we look at the effects that occur if the moon's surface were to absorb all the electron flux that moves toward it (downward) and compare the two cases.
[23] We applied the absorbing surface configuration for Model 1 (no magnetospheric electron input) and Model 2 (extended torus electron flux input) and found that most differences were observed only for energies greater than about 100 eV. However, in the suprathermal electron regime of interest to this work, the field configuration, i.e., whether the electron flux was reflected or absorbed at the surface, made no difference in the overall electron fluxes for both Model 1 and Model 2. Figure 9 shows the difference in upward fluxes at different distances for Model 2 with and without absorption at the surface. As we move away from the Enceladus surface, there is no significant difference between the model with and without surface absorption in the suprathermal regime. A similar result was found for Model 1 (not shown). For higher energies the differences become great. For energies lower than 60 eV the difference between the models using the absorbed field line and those without is less than 10%. However, for higher energies (E > 80 eV) and for distances close to the plume (R = 25 km) the difference is almost 20%. For the highest energies the differences may be over 50%, but the accuracy of our model fails in this regime and the flux calculated for high energies is not a credible result.
[24] We analyze the modeled electron flux for this absorption configuration for specific energies as a function of radial distance from the Enceladus surface along the plume, as was described earlier in the paper. This is shown in Figure 10 for Model 1. Model 2 shows the same behavior and the results are not displayed. Figure 10 shows that when there is absorption by the surface, the flux at small distances . Difference in upward fluxes at different distances for Model 2 with and without absorption of the electron flux at the surface. As we move away from the Enceladus surface, there is no significant difference between the model with and without surface absorption in the suprathermal regime. A similar result was found for Model 1. Results for energies greater than 100 eV should be disregarded, as the model is not suitable for this regime.
rapidly increases from zero to the value prior to the absorption by the surface. Although there is no initial upward flux once it is absorbed, the electron flux is rapidly re-established within 50 km from the Enceladus surface. Although the upward flux from Enceladus is zero for the absorbing field at the surface, it increases rapidly close to the surface. Photoionization and electron-neutral collisions occur frequently in the proximity of the plume due to the high neutral density present in the region. Close to the surface the mean free path of the electrons is small (less than 50 km) and the electrons undergo enough collisions to replenish the flux rapidly.
Comparison Between Model and Cassini CAPS -ELS Data
[25] The electron spectrometer of the Cassini Plasma Spectrometer (CAPS -ELS) observes in situ the low energy electron environments at the Cassini spacecraft [Young et al., 2004] . In order to compare our model to CAPS -ELS data, we have used data collected during the October 9, 2008, E5 encounter. We want to avoid possible contamination of the data due to radiation belt electrons and/or charged dust grains in the plume. Therefore, we chose the data taken on this day at 19:37:39 UT to be appropriate for comparison. At this time the spacecraft is located at 1056 km south of the center of Enceladus, 243.5 km upstream of the rotation axis of Enceladus in the corotation flow, and 47.5 km toward Saturn from the rotation axis. (Please refer to Tokar et al. [2009, Figure 1 ] for a sketch of the trajectory.)
[26] From our calculations we chose an altitude from the surface of 802.5 km to compare with the data. In the previous section we concluded that for electron energies less than 100 eV the magnetic field configuration has no observable effect on the fluxes at distances greater than 50 km from the Enceladus surface. Therefore, we chose to calculate our models with the first magnetic field configuration analyzedthat is, a magnetic field line with a flux that is reflected at the surface of Enceladus. We compared our results for upward and downward fluxes for Models 1 and 2 against all the anode measurements in the CAPS -ELS data. Measurements done by Anodes 4 and 5 were discarded for the data comparison, because the signatures of charged dust grains and lower mass negative ions [Coates et al., 2010] were present in the data from those ramfacing anodes and would skew our comparison. We have chosen to display our model results against data taken by Anodes 2 and 7, as they are the farthest from the arrival direction of ions and charged dust without being significantly affected by obscuration effects caused by the positioning of other spacecraft components. The results are displayed in Figures 11 and 12 . The high-energy line features shown by our model cannot be seen by the instrument due to its limited energy resolution at the relevant energies, and the individual features will be smoothed out in the observations.
[27] From the CAPS -ELS data, 3 populations can be distinguished: the first population is a thermal Maxwellian (cold) population, the second population is a suprathermal population composed mainly of photoelectrons with energies between 20 eV and 100 eV, and a third population exists for higher energies, although very few counts are seen by the detector for this population. The spacecraft data for the cold population is not calculated by the two-stream model, but was best fit by a Maxwellian distribution with an electron density of 30 cm À3 for Anode 2 and 20 cm À3 for Anode 7 and an energy kT = 1.8 eV. The second population, i.e., the suprathermal photoelectrons, is very well matched by our model. Both magnetospheric electron input cases show almost exact fluxes for this energy range and therefore match the measured distribution closely. The high energy population (E > 80 eV) is not well reproduced by our model. Figure 10 . Modeled flux as a function of distance for different suprathermal energies for Model 1, which considers no external magnetospheric electron input. This figure is similar to Figure 6 , but now we look at the differences in the flux close to the surface for a reflecting versus an absorbing one. The red lines represent the upward fluxes for a reflecting surface. The black lines represent upward fluxes for an absorbing surface. The same behavior is observed for Model 2 (extended torus input) and is not shown here. Our calculation shows a very low flux in this energy range, while Cassini data also shows a lower count, but still is able to record data at this range. We also compared our model results to data taken by CAPS -ELS on the E3 flyby. These measurements were taken inside the plume but far from the source (about 500 km from the surface). We also found that the suprathermal population is composed of photoelectrons. We expect that the suprathermal population in the plume at distances greater than a few R E and less than 1000 km from the surface will be mainly composed of photoelectrons. At greater distances from the surface the measurements might show signatures of any possible magnetospheric electron populations present.
Possible Effect of Grains on the Plume Electron Fluxes
[28] Cassini instruments have detected the presence of ice grains in the regions close to Enceladus, as well as in the plume [Kempf et al., 2010; Waite et al., 2006; Jones et al., 2009] . However, we have not included grains in our model. To analyze the effect that the ice grains could have in our model, we make some simple estimates for three different grain sizes. The lack of density and size measurements for the grains restricts our ability to make an exact prediction. Let's consider a grain with a 1 mm size, which would have an effective cross section of s d ≈ 3 Â 10 À8 cm 2 . If we assume a mass ratio of 1/3 between the grains and gas in the plume, the density for such grains would be $5 Â 10 À2 cm À3 . Then the mean free path for a suprathermal electron colliding with micron-size dust grains is of the order of 10 4 km, which is significantly greater than the plume size. This would imply that for the suprathermal electron population considered in our model the presence of large dust grains does not have an effect. However, lower energy electrons may be trapped in the plume by polarization electric fields and could interact more with the grains.
[29] Next, we estimate collisional effects for smaller dust grains with a size of 0.1 mm (effective cross section of s d ≈ 3 Â 10 À10 cm 2 ). For this case we estimate a mean free path of the order of 1 R E $ 250 km. For this size grain population to have an effect on the calculated electron fluxes, the grain density must be of the order of n d ≈ 100 cm À3 . We now do these estimates for nanograins. For a nanometer-size grain (effective cross section of s d ≈ 3 Â 10 À14 cm 2 ) we find that the required dust density for this population to have an effect on the suprathermal electron flux must exceed n d ≈ 10 6 cm À3 . Although the bulk of the mass of the grains is due to the larger size grains, a possible high density of nanograins could have an impact on the electron fluxes. Estimates of the charged nanograin number densities are several orders of magnitude lower than the 10 6 cm À3 approximate limit [Hill et al., 2012] .
[30] Our estimate of 10 6 cm À3 dust density only includes the geometrical cross section of the nanometer grains, since a better estimate with the current grain estimates is too complicated at the moment. However, we have looked into estimates of the electron grain Coulomb scattering [Spitzer, 1962] and calculate a collision time for 2 eV core electrons of about 5 seconds for our dust number density estimate. This is comparable to the plume transit time for an electron with a few eV. However, such collisions will not change the electron energy much due to the high dust grain mass, but will in effect change the direction of the electron, i.e., change an upward moving electron into a downward electron and back. Ordinary electron elastic collisions with gas molecules will have a collision rate of about 10 À7 Án g (where n g is the gas density). Therefore, the Coulomb nano grain scattering becomes important at n d /n g ≥ 5 Â 10 À3 , but might be difficult to decipher in the data, since electrons are not actually absorbed during Coulomb scattering.
[31] On the other hand, actual absorption of the electrons by the grains, which we estimated with a geometric cross section, would have a greater effect on the electrons. However, the absorption of electrons will be inhibited due to Coulomb repulsion for energies less than about 2 eV for singly-charged nanometer-sized grains. Higher energy electrons (i.e., the suprathermal electrons) should still impact and be absorbed by the grains even with Coulomb repulsion. Our treatment of the charged grains in the plume is simplified due to the difficulty of the problem at the time. Future calculations of grain effects need to be considered as more data becomes available.
Discussion and Conclusions
[32] The different results analyzed in the previous section allow us to better understand the physics of the Enceladus plume.
[33] 1. Local effects dominate the electron fluxes inside the plume for altitudes above 50 km and up to $1000 km from the surface. However, far from the surface (R > 1000 km) the effects of external inputs can still be observed. For example, in our model the fluxes at distances far from the plume were different depending on the downward flux input as a boundary condition at the beginning of the field line. When the electron flux from the extended torus surrounding Enceladus was considered as an input into the plume environment, the signatures of this input flux were still noticeable until about 1000 km from the surface. The most noticeable difference is seen at lower energies due to a high flux cold population that is input with the magnetospheric flux; however, our current model does not include thermalization of the suprathermal population. In order for a suprathermal electron to thermalize via Coulomb collisions with the thermal population present in the plume (for low energies (kT = 10 eV) we found that electron densities on the order of 50 cm À3 fit the measurements) it would take about 10 4 s. This is quite long compared to the time for an electron-neutral collision to occur (a few seconds) or to the electron transit time in the plume (also just a few seconds). Therefore, we don't expect the suprathermal electrons to thermalize efficiently in the plume.
[34] 2. An important result from the model is the observed anisotropy of the electron fluxes far from the surface and the isotropy within 1000 km of the surface, if no external inputs are included. However, in the presence of magnetospheric flux input into the plume (Model 2) the difference between upward and downward flux is rather small (i.e., the electrons are isotropic). When comparing the fluxes measured by different anodes in CAPS -ELS, no apparent anisotropy is noticed, which supports the expected external boundary conditions of torus electron fluxes.
[35] 3. At less than 1000 km from the surface of Enceladus the bulk of the electrons are "local" photoelectrons, due to solar photons ionizing the plume neutrals. The electron flux is not affected by external parameters like the input of electrons far from the plume. Our model uses EUV fluxes for solar minimum conditions, which are correct for the past Enceladus flybys. However, future flybys will occur during higher solar activity which may even reach solar maximum conditions. As the solar EUV flux increases in the new cycle, the photoelectron production in the plume should increase as well. Therefore, we would expect the photoelectron fluxes to increase proportionally to the F10.7 index and future flybys would detect higher electron fluxes in the suprathermal regime.
[36] 4. Opacity of the neutral plume atmosphere to solar photons is not significant. Only a 20-30% effect is observed in the model at distances of about 1 R E or less, where the plume neutrals are densest. The small fraction effect is not unreasonable, since the photons only have to travel the width of the plume, which is not opaque enough.
[37] 5. We also analyzed differences in field configuration by using a radial magnetic field and allowing the flux along it to be reflected at the surface of Enceladus or by absorbing the flux at the surface. The effects of the different configurations are only noticeable very close to the surface (R < 50 km). The density of the plume in this region is high enough for the electron flux to be replenished over a small distance. The collisional electron mean free path in this region is quite small. Therefore, for Cassini flybys this effect is not observed, since the spacecraft is far from the surface, where the flux has returned to normal.
[38] 6. We calculated an ion production frequency due to electrons within the plume and found it to be about 15-20% that of photoionization production. Close to the plume where the neutral density is most dense the ionization frequency was found to be model independent. However, far from the plume the ionization frequency depends highly on the boundary condition used (whether magnetospheric electrons were included or not). It was concluded earlier that the local effects appear to take over for distances from the surface smaller than 1000 km. As we lose the external boundary signatures in the flux, the ion production frequency also starts to converge between the two models. In particular, the thermal component of the magnetospheric electrons input (Model 2) appears to have a greater effect on the ionization of the plume neutrals far from the surface. Although the neutral density is low in this region, the thermal electrons appear to ionize the neutrals at a high rate compared to the ionization by photoelectrons. However, because the code is not meant to model thermal populations the effects of the ionization calculated with Model 2 might not be entirely accurate.
[39] 7. We compare the modeled flux to CAPS -ELS measurements from the E5 flyby and conclude that the suprathermal electrons with energies ranging between 15-80 eV are photoelectrons. The lower energy thermal electron population is very well represented by a Maxwellian fit with electron densities between 20-30 cm À3 , as was earlier concluded by Farrell et al. [2009] . For energies greater than 70 eV our model differs from the observations. It is still not clear if this is an effect of the low count rate by the detector or the presence of a high energy population. If these fluxes are indeed real, we believe that they may represent fluxes at higher energies that are the result of degradation of an energetic ($1000 eV) population present in the magnetosphere that penetrates the plume and interacts with its neutrals. Speculation on this population exists, but no observations have yet been published.
[40] 8. Electron impacts with micron-sized ice grains appear to be unimportant for the suprathermal electrons in the plume, and their presence shouldn't affect the suprathermal electron fluxes within the plume. The interaction with nanograins might affect the electrons. However, very little is known about this nanograin distribution and we are not currently able to assess their effect. Nevertheless, we estimate that nanograin densities greater than 10 6 cm À3 will have an effect on the electron fluxes. Current estimates of the nanograin densities have a much lower density limit [Hill et al., 2012] , implying that the probability of a noticeable effect on the electron fluxes is rather small. Further studies should be done in the future as more data becomes available.
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